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This paper presents a new approach to optical Code Division Multiple Access (CDMA) network trans-
mission scheme using alternated amplitude sequences and energy differentiation at the transmitters to
allow concurrent and secure transmission of several signals. The proposed system uses error control
encoding and soft-decision demodulation to reduce the multi-user interference at the receivers. The
design of the proposed alternated amplitude sequences, the OCDMA energy modulators and the soft
decision, single-user demodulators are also presented. Simulation results show that the proposed
scheme allows achieving spectral efﬁciencies higher than several reported results for optical CDMA and
much higher than the Gaussian CDMA capacity limit.
& 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Privacy of information is one of the main features of optical
Code Division Multiple Access (OCDMA) when compared to Wa-
velength Division Multiple Access (WDMA), Time Division Multi-
ple Access (TDMA), Orthogonal Frequency Division Multiple Access
(OFDMA) or random access schemes. In addition, optical CDMA
offers several other features, such as ﬂexibility of asynchronous
and decentralized networking and total bandwidth utilization by
all network users [1–21]. However, practical OCDMA schemes have
been relying on single user detection/ decoding due to im-
plementation complexity constraints and signal processing speed
requirements in optical networks. Consequently, the achieved
spectral efﬁciencies have been low due to severe multi-user in-
terference that degrades transmitted information, as illustrated in
Table 1 for selected OCDMA transmissions [5–9]. Moreover, for
most of the considered two-dimensional (time/wavelength)
OCDMA spreading sequences, the normalized achievable spectral
efﬁciencies are shown to be between 0.1 and 0.5 bits per channel
use [10]. These achieved low spectral efﬁciencies have limited the
deployment of OCDMA systems.
One of the most frequently considered theoretical capacity
analysis of CDMA with single-user decoding is based on the cor-
responding chip-level Gaussian multi-access channel with Gaus-
sian signaling and Gaussian multi-user interference ([8]). UsingB.V. This is an open access article uShannon's (single-user) Gaussian channel capacity result, the
(cumulative) throughput limit for a K-user network is given by:
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where P is the power limit of the individual power-controlled
users and σ2 is the noise variance. This paper presents a new ap-
proach that offers the inherent information privacy of OCDMA and
achieves very high spectral efﬁciencies. In the proposed approach,
no spreading is used at the transmitters, but each signal is differ-
entiated by its energy prior to being sent. Energy differentiation
has also been explored in [22], where power optimization is
considered, for concurrent multi-level phase shifted keying
(MPSK) signals, using a multiuser detector based on successive
interference cancellation. As opposed to [22], this paper considers
error control coding and amplitudes alternation at the transmitters,
on-off keying (OOK) modulation for optical channels and single-
user, soft-decision demodulation at the receivers. In addition, this
paper proposes the design of both the alternated amplitude se-
quences used at the transmitters to allow energy differentiation
and the single-user, soft-decision demodulation used at the re-
ceivers. Although experimentation and implementation are not
the focus of this paper, practical considerations are discussed for
implementing the proposed techniques.nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Table 1
Selected OCDMA spectral efﬁciencies.
Reference Number
of users
(K)
Spreading
length
(Ns)
Error
control
code rate
( )rc
Modulation
rate ( )rm
Spectral efﬁciency
η = ( × × )K r r N/c m s
bits/channel use
[5] 30 3232 1 1 0.029
[6] 500 23435 1 1 0.050
[7] 50 300 1 1 0.153
[9] 470 318 0.465 2 1.374
This
paper
10 1 0.4922 1 4.922
A. A. Garba / Optics Communications 383 (2017) 402–411 4032. System and channel models
2.1. Proposed transmission scheme
Fig. 1 illustrates the schematic block diagram of the proposed
optical network transmission with K synchronous users trans-
mitting data simultaneously and independently (e.g., without co-
operation). K independent and identically distributed (i.i.d.) binary
information packets of length L, composed of equiprobable sym-
bols 0 and 1, are encoded using a given error control code (e.g.
Reed Solomon and/or turbo code) of rate rc. Each encoded packet
is consequently sent through user-speciﬁc data interleaver, which
randomly permutes the coded data sequence, in order to dis-
tribute more evenly the codewords in the packets. This random
permutation enables better data recovery and noise resistance at
the receiver by removing memory from the encoded data packets.
It also increases the system security and privacy of information,
since only the desired receiver has knowledge of the permutation
order.
The interleaved data sequences are next fed into the proposed
OCDMA modulators, which multiply the encoded and interleaved
input sequences, by users' alternated amplitude sequences of the
same length. This step allows users' energies differentiation at
each time instant. As a result of this modulation technique, sym-
bols from different users have different energies at any given time
instant. Finally electrical to optical conversion is performed and
on-off keying is used to transmit data through the optical channel.
At the receiver, optical to electrical conversion is ﬁrst performed
and the initial data order is recovered by the deinterleavers. Fi-
nally, single-user soft decision demodulation and decoding is
performed.
2.2. System's components
This section describes in more detail the functionalities of the
main modules of the proposed OCDMA transmission, e.g., the error
control encoder, the interleaver and the OCDMA modulator.Fig. 1. Schematic block diagram of the proposed optical CDMA network transmission/re
converters).2.2.1. Error control encoders
The ﬁrst block in the proposed system is the error control en-
coder. The role of the error control encoder is to add redundancy
in the users' information prior to being transmitted. This re-
dundancy provides time diversity and increased robustness
(against noise) to the transmitted information. The proposed sys-
tem is compatible with various error control encoders. However,
the performance of the system depends on the used error control
codes. Simulation results in Section 7 use Reed-Solomon and/or
turbo encoders and decoders due to their ability to achieve near-
capacity throughput [23,24].
2.2.2. Interleavers
The role of the interleaver is twofold. First, it permutes the
coded data sequence, in order to scramble and distribute more
evenly the encoded data in the packet. The overall objective is to
reduce the memory created from the mapping of the (uncoded)
bits into codewords (by adding redundancy) by the error control
encoder. As results, consecutive bits in an encoded data sequence
may be differently affected by the noise. For instance, if a deep
noise event affects consecutive bits, those bits are not in their
initial order and original data may be recovered from the others
(redundant) bits of the codeword. The second objective of the
interleaver, perhaps the most important in this design, is to allow
increased privacy since the interleaving order is speciﬁc to a given
user and known only to its corresponding receiver. On the other
hand, the deinterleaver, used at the receiver, uses the knowledge
of the permutation order to recover the initial data order. In this
paper, random interleaving is considered for simplicity.
2.2.3. OCDMA modulators
The OCDMA modulators multiply the encoded and interleaved
input sequences, by users' alternated amplitude sequences of the
same length. This step is used to achieve users' energies differ-
entiation at each time instant. Next, the modulators generate
electrical signals that are proportional to the OCDMA modulated
sequences, which are ﬁnally converted into light intensity using
the E/O converters. The uniqueness of the proposed OCDMA de-
modulators’ lies in the use of alternated amplitude sequences to
differentiate users' transmit powers. Consequently, the design of
the amplitude sequences are described in detail in Section 3.
2.3. Channel model
K users are assumed to transmit data simultaneously, syn-
chronously and independently over the optical channel. During
modulation, transmission and demodulation processes, optical
signals are assumed to add up without beatings and direct de-
tection is performed at the receivers. Moreover, this paper con-
siders the case of an optical transmission with enough number of
transmitted photons, where the dominant noise affecting theception schemes. (E/O & O/E are electrical to optical and optical to electrical signals'
Fig. 2. Detailed transmission operation for user 1, in a 2-user transmission scenario.
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from the receiver electronics. Under the above assumptions, the
received signal Y can be written at time instant t, as
= + + … + + ( )Y A X A X A X n 2K K1 1 2 2
where X1, X2,…, XK are respectively the encoded and modulated
symbols of users 1,2,…,K, taking values 0 and 1, with equal prob-
ability and n is additive white Gaussian noise sample (AWGN) with
zero mean and variance s2, that models the effect of receiver noise
in the direct detection optoelectronic process. Finally, A1,A2,..,AK
are the amplitudes of the symbols sent by users 1,2,..,K at this time
instant, which are assumed to be non-negative valued constants
known to the receivers as part of the user's codes, and discussed in
more detail in Section 3 [25–28].
2.4. Example of transmission and channel models
To illustrate the transmission scheme and the channel model
introduced in the previous subsections, we consider two users
transmitting data simultaneously and independently over an op-
tical channel. Fig. 2 illustrates the transmission steps for user 1 in
that scenario, where user's initial data sequence ([1010]) is ﬁrst
encoded using an error control encoder of rate ½. The output se-
quence of length 8 ([10000111]), composed of codewords, is then
permuted by the interleaver using a locally generated random
order shared between the transmitter and its receiver.
At the OCDMA modulator, the interleaved sequence is modu-
lated using an amplitude sequence speciﬁc to the user and also
known to the receiver. The combination of the amplitude sequence
and interleaving order corresponds to the speciﬁc code that is al-
located to user 1, similarly to traditional CDMA techniques. During
the modulation process, the OCDMA modulator ﬁrst multiplies the
user's data sequence by the user's speciﬁc amplitude sequence (α
[21212121]), where α is a normalization factor dictated by the
power limit (as discussed in Section 3). The resulting sequence (α
[20210020]) is used by the OCDMA modulator as voltage/ampli-
tude levels to generate an electrical signal. Finally the E/O con-
verter converts the electrical signal into optical light pulses that
can be sent through the optical medium. Similar steps occur for
user 2 with (probably) different input sequence and different in-
terleaving sequence. Moreover, user 2 amplitude sequence is an
alternated version of the amplitude sequence of user 1 given by α
[12121212].
Fig. 3 illustrates the channel input and output sequences when
the two users are sending data simultaneously. The outputFig. 3. Chanel input and output sequsymbols from the OCDMA modulators are sent simultaneously
through the channel. At the channel, both users interfere with
each other and the received output sequence is the sum of the
users' information data ( α[22311032]), which is further corrupted
by additional channel noise.3. Design of the alternated amplitude sequences
This section presents constraints and criteria that shall be taken
into account when designing the amplitude sequences to allow
differentiation of the users' signals by their energies.
3.1. Energy differentiation
The amplitude values used by different users must be different
at any given time instant t, to insure that symbols from different
users have different energies, i.e.,
≠ ≠ … ≠ ( )A A A . 3K1 2
This energy differentiation is key to allow non-zero minimum
distances for the signals' constellations at the receiver and hence
good performance. For example, for a 2-user transmission, if
A1¼A2¼1, the received symbol in the absence of noise is given by
Y¼2 if both users sent symbol 1, Y¼0 if both users sent symbol
0 and Y¼1 if one user sent symbol 1 and the other transmitted
symbol 0. In the latter case (Y¼1), the receivers cannot recover
with low probability of error, the symbols sent by their transmit-
ters. Whereas if A1¼1.5 and A2¼0.5 for example, Y¼2 if both users
sent 1, Y¼0 if both users transmitted symbol 0, Y¼1.5 if X1¼1,
X2¼0 and Y¼0.5 if X1¼0 and X2¼1. Hence the receivers can
correctly recover the transmitted information. For simplicity of the
analysis in the subsequent sections, it is further assumed that A1
Z A2 Z …ZAK.
3.2. Energy limits
Energy limits are set as follows, for battery saving, transmission
medium constraint and/or interference management.
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2ences for a 2-user transmission.
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2 , i¼1,2,…,K, represent the users symbols’ energies at a
given time instant for equiprobable OOK, Etotal is the total energy
limit that can be dictated by the transmission medium. E1, E2, …,EK
are the individual peak energy limits, which can be set by the
transmission devices and/or the power control mechanism to
guarantee that a signal does not create strong interference to the
other concurrent signals.
3.3. Amplitude alternation
To ensure similar performance and quality of service to all
users, the amplitudes values are alternated so that while a signal is
stronger for a while, a different signal becomes stronger after-
wards. For example, the amplitude sequences for users 1,2, …, K
can be illustrated for time instants t¼1,2, …, K as follows.
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If the length of the data sequence input to the OCDMAmodulator is
less than K (i.e., NoK), only time instants 1,2,..,N are considered in the
previous Eq. (5). During those considered time instants, each user’s
amplitude sequence has taken the maximum value A1 at least once
(assuming A1ZA2Z…ZAK). On the other hand, if N4K than the
amplitude sequences shown in (5) can be repeated several times and
concatenated to match the length of the input data sequences. More-
over, for any time instant t¼ jþpK, j¼1,2,3,..,K and p¼0,1,3,..,⌊ ⌋N K/ , the
amplitude for the ﬁrst user is Aj, where⌊ ⌋x is the lowest integer next to
x. For example, for K¼4, the amplitude of user 1 at time t¼10 is A2
since, = + × = =p j10 2 4 2, 2, 2as can also be observed in Fig. 4.
Moreover, Fig. 4 also illustrates the amplitudes’ variations as functions
of the time for users 1,2,3,4 respectively when K¼4 total users and
A1ZA2ZA3ZA4. It can be seen that the amplitudes are cyclic and
users have different amplitudes at any given time instant.
The average symbol energy is ( )+ + … +A A A K/2K12 22 2 for each
user, where the average was taken over the period of K timeFig. 4. Cyclic nature of the signals’ amplitudes as functions of time for K¼4 users
and N¼16.instants for uniform symbols and due to the cyclic nature of the
sequences. Finally, different permutation orders may be con-
sidered in Eq. (5).
The purpose of the amplitude interleaving is threefold. First it
allows all users to have the same average quality of service (QoS)
over a given transmission time interval. Secondly, the signals will
consume (over the time) the same average transmit power al-
though they must have different energies during one symbol time.
Thirdly, it provides the soft decision demodulators with the
knowledge of the amplitude values A1,A2,…,AK and hence sim-
pliﬁes the demodulation process. Indeed, the amplitude sequences
in (5) are symmetrical, since they are interleaved versions of one
another. As a result of this symmetry, the amplitude values for
user 1 at time instants t¼2,3, …, K correspond to the amplitude
values of the (K1) interfering users at time instants t¼1.
More generally, the amplitude values of user 1 at time instant
≠t jcorrespond to the amplitude values of its interfering users at
time instant j. Therefore, as discussed in the next section, the soft-
decision demodulator can demodulate the information of a given
user from the sole knowledge of the amplitude sequence of this
user, using Eqs. (8a), (8b) and (9).
In cases where QoS segregation is allowed (or required) such as
cognitive transmission with primary and secondary users, such
interleaving may be omitted and the amplitude sequences can be
composed of the same amplitude value at any time /frequency as
illustrated below.
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Moreover, if there is one primary user and K1 secondary
users, amplitude sequence for the primary user may be ﬁxed while
the sequences of the secondary users will use lower energies in an
alternated way in order to achieve similar average QoS and energy
consumption over the time.
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Finally, it is possible to combine Eq. (5) and (6) so that ampli-
tude values are set for several time instants m¼2,3… before being
alternated, e.g., for a more steady power change, as illustrated
below for K¼3 users and m¼2.
= = = = = =
( )
time instant t t t t t t t
Amplitude Sequence A A A A A A
Amplitude Sequence A A A A A A
Amplitude Sequence A A A A A A
1 2 3 4 5 6
7
1 1 1 2 2 3 3
2 3 3 1 1 2 2
3 2 2 3 3 1 1
For the rest of this paper, equal performance (QoS) is assumed
for the users and the amplitude alternation given by (5) are con-
sidered. Moreover, at the receiver, single-user soft-decision
Fig. 5. BER as a function of the SNR in dB when 2 signals are sent simultaneously over an optical channel when using (a) turbo encoding/decoding (the achieved spectral
efﬁciency is 1 bit/channel use at BER of 106) and (b) both turbo and RS decoding (the achieved spectral efﬁciency of 0.984 bit/channel use at 1012 BER).
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generality that user 1 is the desired/decoded user and the other
users can be decoded in a similar way.4. Receiver/demodulator design
The O/E module of optical receiver ﬁrst performs intensity
detection for each time slot, thus generating electrical signals
proportional to Y. Consequently, the soft-decision single-user de-
modulator generates a-posterior probabilities about the turbo
coded bits of desired user 1 for time instant t¼1,2,…,N. Using the
knowledge of the amplitude sequence A1, A2,…,AK of user 1, the
a-posterior probabilities are determined by its soft-decision de-
modulator for time t¼1 using:
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where α is a normalization constant, z1,z2,…,zK are ﬁxed vari-
ables taking values 0 or 1, A1, A2,..,AK are the amplitudes values
known to the receiver from the amplitude sequence of the desired
user, + +…+A z A z A zK K2 2 3 3 is the estimate of the multi-user inter-
ference caused by the K1 interfering users at this time instant.
Similarly, due to the symmetry of the problem, the a-posterior
probabilities can be found for time t¼ jþpK, j¼1,2,…,K, p¼0,1,3,..,⌊ ⌋N K/ and { }∈z 0,1j by
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Consequently, the receiver de-interleaves the soft-decisions
using the knowledge of the user- speciﬁc interleaving order to
recover the initial order of the transmitted bits in the packet.
These a-posterior probabilities on the coded bits are next fed from
the deinterleaver into the error control decoder that uses them as
a-prior information to provide soft-decisions on the input bits
[13,14].5. Practical implementation considerations
5.1. Physical layer considerations
Since each user is using the amplitude values at different time
instants, the order of the amplitude values is speciﬁc to each user's
amplitude sequence and can be seen as a unique user-speciﬁc
“code”, used for transmission and demodulation. Moreover, the
amplitude sequence of the desired user provides sufﬁcient in-
formation to the single-user receiver to estimate the a-posterior
probabilities and the multi-user interference, since it is a scram-
bled version of the amplitude sequences of the other users.
Therefore, the single-user receiver can use the amplitude sequence
of the desired user to estimate the multi-user interference at a
given time instant. Moreover, the single-user receiver can perform
successive interference cancellation to improve the performance
of the desired user (e.g., during time instants when the desired
user is not powerful).
The amplitude sequences presented in (5) assumed a ﬁxed
number of users K. In cases where the actual number of users
Fig. 6. BER as a function of the SNR in dB when 4 optical signals are sent simultaneously using (a) turbo encoding/ decoding (the achieved spectral efﬁciency is 2 bits/channel
use at BER of 106) and (b) both turbo and RS encoding/decoding (the achieved spectral efﬁciency is 1.96 bits/channel use at BER of 1012).
Fig. 7. BER against the SNR in dB when 6 optical signals are sent concurrently using (a) turbo encoding/ decoding (the achieved spectral efﬁciency is 3 bits/channel use at
106 BER) and (b) using both turbo and RS encoding/decoding (the achieved spectral efﬁciency is 2.952 bits per channel use at 1012 BER).
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for K users are still valid. Nonetheless, the performance may not be
optimal in that case since for time instant KaotrK, low ampli-
tudes will be used for the Ka users (see Eq. (5)). Similarly, if the
number of users actually transmitting (Ka) is higher than K, there
may be a loss of performance since at least two users would be
using the same amplitude value at a given time instant. In the two-
abovementioned cases, the system can be slightly modiﬁed to
achieve the initial design performance as discussed in the next
subsection.
The proposed scheme is also applicable to a single-user trans-
mission case, to increase the data rate of the single transmitting
user. In that case, all the K signals are from the unique user. Finally,
different modulation schemes, e.g., higher M-ary modulation
[9,28], could be used with multi-user or single-user transmissions
to further increase the data rate.5.2. Media access control (MAC) layer discussions
The proposed scheme combines the ﬂexibility and decen-
tralized operation of optical CDMA approach and soft-decision
channel coding from coding theory. From a networking point of
view, the proposed scheme is similar to CDMA where each net-
work user can access the optical channel at any time/ frequency in
order to send a coded bit. Therefore, no signiﬁcant modiﬁcation
would be required at the MAC level to implement this scheme,
when compared to traditional CDMA.
On the other hand, although the results shown in Table 1 and
Section 7 consider a number of users less or equal to 10, the
proposed scheme can support much higher number of users.
However, as the number of users increases, the signal over noise
ratio (SNR) requirement increases. There is then a need of tradeoff
between the number of users and the available SNR. To increase
the number of users to hundreds of users without increasing the
Fig. 8. BER as a function of the SNR in dB when 8 optical signals are sent concurrently using (a) turbo encoding/decoding. (the achieved spectral efﬁciency is 4 bits per
channel use at 106 BER) and (b) using both turbo and RS encoding/decoding (the achieved spectral efﬁciency is 3.937 bits per channel use at 1012).
Fig. 9. BER as a function of the SNR in dB when 10 optical signals are sent concurrently using (a) turbo encoding/decoding (the achieved spectral efﬁciency is 5 bits/channel
use at BER of 106) and (b) using both turbo and RS encoding/decoding (the achieved spectral efﬁciency is 4.92 bits/channel use at 1012 BER).
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users K (e.g., 5–10 users, due to available SNR) and combined with
other multiplexing schemes such as TDMA, WDMA, OFDMA or
random access for a network with a higher number of users. For
example if 100 users are present in the network and 5 concurrent
users can be supported using the proposed scheme (e.g. due to
SNR limit), 20 time slots and/or wavelengths can be assigned with
up to K¼5 concurrent users for each time slot/wavelength. An-
other approach would be to conﬁgure the network such that users
can compete using a random access scheme and up to K¼5 users
can be simultaneously transmitting using a given time slot and/or
wavelength.
5.3. Privacy implications
The symmetry of the amplitude sequences illustrated in Eq. (5) is
a nice property that allows for an efﬁcient demodulation at theindependent receivers. However, since the amplitude sequences are
shifted versions of each other, for all users, a privacy question that
arises is whether a receiver can be conﬁgured to decode the input
symbols from interfering users. Since each user is using the ampli-
tude values in different orders (time instants), the positions of the
amplitude values is speciﬁc to each user's sequence and is only
known to its receiver. Therefore a different receiver will not be able
to identify the corresponding transmitter/receiver pair. Nevertheless,
for K¼2, since only 2 options are possible, a demodulator could be
conﬁgured to demodulate both information sequences.
To increase the privacy, pseudo-random interleavers, used prior
to the soft-decision modulators, are different for each user and
known only to the corresponding receiver. The combination of the
amplitude sequence order and interleaving order provides an in-
creased privacy of information since a receiver would need the
knowledge of both sequences to decode the symbols intended to
other receivers (e.g. for K¼2).
Fig. 10. BER as a function of the SNR in dB when several signals are sent concurrently over an optical channel using (a) turbo encoding/decoding (the achieved spectral
efﬁciencies are illustrated at BER of 106 after 10 turbo iterations) and (b) after both turbo and RS encoding/decoding (the achieved spectral efﬁciencies are illustrated at BER
of 1012, after 10 turbo iterations followed by RS decoding).
Fig. 11. Spectral efﬁciency as a function of the SNR in dB, using the proposed
scheme. The achieved spectral efﬁciencies are illustrated at BER of 10–12, after 10
turbo iterations followed by RS decoding.
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6.1. Simulations assumptions and parameters
This paper presents simulations for various optical network
transmissions using the models described in Section 2, where two
or more signals are sent simultaneously (KZ2). Input packets of
length L¼10,000 bits are ﬁrst encoded using the following sce-
narios of error control encoding:
a) Thdecoder illustra/decoder illustrated in Fig. 1 is a turbo
encoder/decoder pair [23]. The code rate is rc¼1/2 and the
target Bit error rate (BER) is 106.
b) The error control encoder from Fig. 1 is a concatenation of a
(251,255) Reed Solomon (RS) encoder [24] and a ½ turbo
encoder. The RS code is used to achieve a lower target BER of10–12. The overall encoding rate is rc¼0.492.
The OCDMA modulator next modulates the encoded data and
OOK is used at the optical channel. At the receiver, single user
demodulation and decoding is performed as described in Eqs. (8a),
(8b) and (9).
In the case of turbo only encoding/decoding, the soft decisions
from the single-user demodulator (after deinterleaving) are used
as a-prior information by the turbo decoder and after a prescribed
number of iterations, hard decision is used to estimate the initial
information sent by the desired user 1. In the case where both
Reed Solomon and turbo codes are used, the error control decoder
is a concatenation of a turbo decoder and a Reed Solomon decoder.
After a speciﬁed number of iterations, the turbo decoder feeds its
estimates to the Reed-Solomon decoder, which uses turbo- de-
coded soft decisions to recover the desired user input information.
Moreover, using the amplitude design criteria discussed in
Section 2, the following amplitude values are considered:
δ= × ×
∑
= …
( )=
A
K
i K2
4
1, 2, , .
10
i
i
j
K j
1
where K is the total number of concurrent signals and δ is a po-
sitive constant used to satisfy the energy limits. Note that Eq. (10)
provides an example of amplitude values, used for the simulations
presented in this paper and different amplitude sequences can be
used.
Amplitudes alternation between the signals are considered, as
illustrated in Eq. (5), to allow similar average performance for all
signals' detection and similar energy consumption by all trans-
mitters. Due to the symmetry of the problem, when one signal is
powerful, the other (interfering) signals are using lower signals'
energies. Consequently, on average, they have the same energy/
SNR and will also achieve a similar performance. For example, for
K¼2 and N¼4, amplitude values A1¼1.26, A2¼0.63 are obtained,
using (10). To achieve similar QoS for both signals, these ampli-
tudes are alternated using (5) as follows.
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time instant t t t t t
Amplitude Sequence
Amplitude Sequence
1 2 3 4
1. 26 0. 63 1. 26 0. 63
0. 63 1. 26 0. 63 1. 26 11
1
2
The achieved spectral efﬁciency is determined as follows:
⎧
⎨
⎪⎪⎪
⎩
⎪⎪⎪
( )
( )
η = × ×
=
×
×
( )
K r r
N
K bits channel use for turbo only
encoding
K bits channel use for turbo and RS
encoding
0. 5 /
0. 49 /
12
c m
s
where K is the number of simultaneous signals that can be de-
coded at target BERs, rc is the rate of the error control code used,
rm¼1 is the rate of the used binary modulation and Ns¼1 since no
spreading is used. The spectral efﬁciency is expressed in bits per
channel use, a normalized unit independent on the signals' shape
and duration. The spectral efﬁciency can further be expressed in
bits per second for speciﬁcally chosen signals' shapes and
duration.
Finally, the average SNR for each user is determined as:
( ) σ= + +… ( )SNR A A A K/2 . 13K12 22 2 2
6.2. Simulations results and discussions
Fig. 5(a) illustrates the BER as a function of the (average) SNR in
dB when 2 users are transmitting simultaneously over the optical
channel using the amplitude sequences from (11) and turbo en-
coding and decoding.
The achieved spectral efﬁciency at target BER of 106 is 1 bit
per channel use at SNR¼7.5 dB. In Fig. 5(b), the BER is shown as a
function of the (average) SNR in dB when the error control en-
coder from Fig. 1 is a concatenation of a (251,255) Reed Solomon
(RS) encoder and a ½ turbo encoder. The achieved spectral efﬁ-
ciency at target BER of 10–12 is 0.9843 bit per channel use at
SNR¼7.5 dB with 2 concurrent signals.
In Fig. 6(a) and (b), the BER are shown as functions of the SNR
in dB, when 4 signals are transmitted simultaneously over the
optical channel. When turbo encoding/decoding is used, the re-
sulting spectral efﬁciency, illustrated in Fig. 6(a), is 2 bits per
channel use, achieved at 15.1 dB SNR and 106 BER after 10 turbo
iterations. When both Reed-Solomon and turbo encoding/decod-
ing are used, the spectral efﬁciency is 1.968 bits per channel use at
10–12 BER and about 15 dB SNR, as illustrated in Fig. 6(b).
In the case of 6 simultaneous users, Fig. 7(a) and (b) show the
BER as functions of the SNR in dB. The resulting normalized
spectral efﬁciency is 3 bits per channel use at 23 dB SNR and 106
BER when turbo encoding/encoding is used (Fig. 7(a)). The
achieved spectral efﬁciency is slightly reduced to 2.95 bits per
channel use at 23 dB SNR and 10–12 BER when both turbo and
Reed-Solomon encoding/encoding are used (Fig. 7(b)). These
achieved spectral efﬁciencies are much higher than several OCD-
MA results as illustrated in Table 1, and more than 4 times higher
than the limit of 0.72 bits/channel use for Gaussian CDMA with
single- user decoding given by (1).
In Fig. 8(a) and (b), the BER are shown as functions of the SNR
(in dB) when 8 optical signals are transmitted concurrently, using
the parameters explained above. The spectral efﬁciency is 4 bits/
channel use after turbo decoding at 106 BER and 28.5 dB SNR as
illustrated in Fig. 8(a). The achieved spectral efﬁciency becames
3.937 per channel use at 28.4 dB SNR with a lower BER of 10–12
when both turbo and Reed Solomon encoding/decoding are used.This is 5.46 times the Gaussian CDMA limit of 0.72 bits per channel
use.
When 10 optical signals are transmitted concurrently over the
optical channel, the BER is shown as a function of the SNR (in dB)
in Fig. 9(a)) using turbo encoding/decoding and in Fig. 9(b) when
both turbo and Reed Solomon encoding/decoding are used. The
achieved spectral efﬁciency is 5 bits per channel at 34.6 dB SNR
and 106 BER for the ﬁrst scenario and for the latter case, the
achieved spectral efﬁciency is 4.92 bits per channel achieved at the
same SNR value and 10–12 BER. This is 6.83 times the Gaussian
CDMA limit of 0.72 bits per channel use.
Fig. 10(a) and (b) illustrate the achieved spectral efﬁciencies and
BER when several signals are sent simultaneously using amplitude
sequences obtained from Eqs. (5) and (10) and using respectively
turbo encoding/decoding and both turbo and Reed Solomon en-
coding/decoding. As expected, the spectral efﬁciency increases with
increasing SNR in both cases. For example, a spectral efﬁciency of
2 bits per channel is achieved with only 15 dB SNR whereas 28 dB
SNR is required to achieve 4 bits per channel use and 34 dB SNR is
required for 5 bits per channel use. This ﬁgure also illustrates the
need of trade-offs between SNR and spectral efﬁciency since the
increase of the spectral efﬁciency is a function of SNR.
Fig. 11 presents the quasi linear-shape of the spectral efﬁciency
as a function of the SNR (dB) after 10 turbo iterations followed by
Reed Solomon decoding at target BER of 10–12. Fig. 11 also illus-
trates the trade-off between increasing spectral efﬁciency and
increasing SNR.
Finally, it should be noted that for all the considered cases, the
achieved spectral efﬁciencies are very close when a) turbo encoding/
decoding and b) both turbo and Reed Solomon encoding/decoding
are used. Nonetheless in the latter case, lower BER is achieved with
an increase of the system implementation complexity.7. Conclusion
This paper presents an optical transmission and reception
schemes, where users' symbols are differentiated by their energies
and sent simultaneously over the same optical channel, using al-
ternated amplitude sequences. Simulation results show that very
high spectral efﬁciencies can be achieved, when compared to
previously proposed OCDMA systems. Finally, trade-offs between
spectral efﬁciency and SNR are discussed. Our future work focuses
on applying the proposed transmission/reception techniques to
different optical environments, e.g., taken into account additional
impairments such as optical shot noise and/or beating. In addition,
the future work aims to further optimize the amplitude sequences,
use non-binary modulation schemes at the transmitters and ex-
perimentally demonstrate, the proposed concept of this paper.Acknowledgments
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